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A B S T R A C T
Varied approaches (palaeobiodiversity, palaeobiogeography, bioerosion, geochemistry) to unique Patagonian
late Quaternary molluscan assemblages in the southwestern Atlantic, with ages especially from interglacial
Marine Isotope Stage (MIS) 5e and MIS 1, provide large-scale and long-temporal palaeoenvironmental data for
the southern SWA. Together with new patterns of δ18O and δ13C variations in modern, mid-Holocene, and Late
to Middle Pleistocene shells of Protothaca antiqua (Bivalvia) and the coeval Pleistocene Tegula atra (Gastropoda),
the overall sources of evidence illustrate possible responses to recent palaeoclimate and sea-ice changes around
the southernmost SWA-western Antarctica, leading to modern conditions. For the mid-Holocene, the influence of
the Hypsithermal is confirmed. In the northern Golfo San Matías, the highest δ18O and δ13C values support
higher salinity and sea surface temperatures (SST), and a Golfo San Matías Front stronger than today. Lower
δ18O values in the northern Golfo San Jorge (GSJ) compared to the Late to Middle Pleistocene suggest warmer
mid-Holocene waters, independently supported by thermally anomalous molluscan taxa, geographical shifts of
areas of endemism and absence of T. atra (cold water proxy); overall higher δ13C values compared to present
suggest higher productivity. For the Late to Middle Pleistocene (particularly MIS 5e), highest δ13C values (re-
lative to modern and mid-Holocene trends) match with the location of tidal fronts and areas of maximum
chlorophyll-a concentrations today. Accordingly, these fronts may have been already active and significantly
intensified due to the prevailing climate conditions that included colder waters and stronger upwelling from the
southern GSJ southwards. This is independently supported by palaeobiogeographical and bioerosion trends and
the dominance of the cold water species T. atra during the Pleistocene, which is dispersed from the SE Pacific
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into the SWA by rafting on kelps and whose occurrence is controlled by SST, light, winds, and nutrient con-
centration/productivity. Repeated, abrupt climate oscillations during the last glacial cycle with significant im-
pact on SST, ice melting and surface-ocean stratification in the western Antarctica-Weddell Sea-Antarctic
Circumpolar Current realm are so far the only available plausible explanations to account for the different mid-
Holocene and modern patterns, and for the regional disappearance of T. atra after MIS 5e. Further palaeocea-
nographic research in this key area is needed to understand how all these mechanisms operated in the past,
potentially influencing the Patagonian shelf waters and coastal fronts.
1. Introduction
Patagonia is the only large landmass in the southern hemisphere
south of ca. 40°S, which contains numerous broad-scale Quaternary
palaeoenvironmental/palaeoclimate records (e.g., Garreaud et al.,
2013). In particular, the Patagonian coastal area (Argentina) in the
southwestern Atlantic (SWA), located at a passive margin near the
Drake Passage and western Antarctica (Fig. 1A), exhibits spectacular
and unique Quaternary molluscan-rich marine deposits (Fig. 1B–I, 2),
nowhere else so extensively abundant and well preserved in South
America, formed by high sea-level episodes during interglacials of the
Middle to-Late Pleistocene (Marine Isotope Stage (MIS) 11, 9, 7 and 5)
and during the mid-Holocene (throughout the manuscript we use mid-
Holocene in a broad sense and not as reference to the stratigraphic
epoch) (MIS 1) (Lisiecki and Raymo, 2005; Aguirre et al., 2011; Gibbard
and Lewin, 2016; Düsterhus et al., 2016; Head et al., 2017) (Appendixes
A.1, A.2). Earlier highstands (pre-MIS 11) are preserved further inland,
but their molluscan content is either scarce and/or highly abraded or
completely unpreserved. Unique oceanographic and environmental
conditions characterize the southern SWA, the only area of the southern
hemisphere where a permanent injection of cold, nutrient-rich subpolar
waters extend beyond 40°S (Gersonde and Zielinski, 2000; Piola et al.,
2018; Franco et al., 2018; Combes and Matano, 2018). Influenced by
three of the largest thermal fronts of the world oceans (Subtropical/
Subantarctic/ Polar) and high chlorophyll-a concentrations along a
variety of local oceanic fronts (Acha et al., 2004; Acha, 2015; Piola
et al., 2018), this sector of the South Atlantic-Southern Ocean re-
presents a key area to investigate modern and past atmospheric-oceanic
changes (Bianchi et al., 2005; Anderson et al., 2009; Buizert and
Schmittner, 2015; Yao, 2017; Panassa et al., 2018). Overall, this setting
offers an unmatched opportunity to study potential linkages between
littoral Late Quaternary molluscan assemblages and physical/biotic
features of the southern SWA at a macrogeographical scale during the
most recent climatic cycles.
Furthermore, in marine settings of the southern hemisphere, pa-
laeoclimate/paleoceanographical records linked to Late Quaternary
climate oscillations are less well known than those of the Northern
Hemisphere (e.g., Lisiecki et al., 2008; Yin and Berger, 2015). This
difference applies especially to the context of the Southern Ocean (i.e.,
south of 50°S, encircling Antarctica, including subantarctic regions and
the southern parts of the South Atlantic, South Pacific and Indian
oceans; Koubbi et al., 2014). Current knowledge from this region in-
cludes qualitative or quantitative data sets derived from a variety of
disciplines and approaches, ranging from characterizations of modern
abiotic and biotic features, geological and oceanographical aspects,
climate and palaeoclimate models (e.g., Hodell et al., 2002; Wefer et al.,
2003; Cortese et al., 2007; Clark, 2014; Roberts et al., 2017; Anderson
et al., 2018; Saunders et al., 2018; Brook and Buizert, 2018; Combes
and Matano, 2018). However, while most contributions are focused on
the open or deep ocean, there are notably fewer nearshore records,
particularly from the southern SWA, whose thermal evolution and that
of the adjacent continents are still not fully understood (Bianchi and
Gersonde, 2002; Hodell et al., 2003; Gersonde et al., 2005; Chiessi
et al., 2015; Voigt et al., 2015, 2016; Howe et al., 2016).
Coastal marine palaeoclimate records are essential to increase our
understanding of ocean-atmospheric climate dynamics (Harley et al.,
2006). Even when continental shelves represent only a minor percen-
tage of the total ocean, they hold an important fraction of the global
carbon reservoir, and contribute significantly to global marine primary
production and dissolved organic carbon (Dai et al., 2012; Bauer et al.,
2013; Bianchi et al., 2005, 2009; Carreto et al., 2016), factors that can
strongly respond to climate changes. Regional trends of biotic responses
to climate change from nearshore settings can help to delineate po-
tential future impacts of sea-surface temperature (SST) and circulation
changes (Maslin and Swann, 2006; Gruber, 2015), considering that
coastal marine systems are expected to be strongly affected by future
increases in atmospheric CO2 (increasing temperature by ca. 2 °C in the
next 100 yrs.) (Walther et al., 2002; Bernhardt and Leslie, 2013).
Coastal data on past sea-levels can also provide complementary in-
formation linked to ice sheet dynamics during deglaciations (Dutton
et al., 2015), still poorly understood in the area of southernmost Pa-
tagonia-Western Antarctica, particularly in relation to the impact that
icebergs, subglacial meltwater and iceberg/meltwater macro and mi-
cronutrient inputs have on total Southern Ocean productivity (e.g.,
Death et al., 2014; Hansen et al., 2016; Henley et al., 2017; Paparazzo
and Esteves, 2018).
Specifically, regarding records from late Quaternary coastal deposits
of Argentina, we also note that palaeoclimatic interpretations are scarce
and have so far been contradictory. One example can be seen in SST
conditions during the mid-Holocene (MIS 1) in a broad sense and the
Last Interglacial (MIS 5e). Based on molluscan evidence, some authors
argued for a warmer-than-present mid-Holocene Climatic Optimum
(Hypsithermal), while others have contradicted this conclusion or re-
ported warming in isolated localities only – mostly in the northern
(Bonaerensian) sector (Fig. 1). In addition, during the Last Interglacial,
similar, warmer-or-colder-than-present surface waters have been pos-
tulated (Feruglio, 1950; Aguirre, 1993; Aguirre et al., 2011, 2017).
In the present study, we reexamine Late Quaternary molluscan re-
mains from the Patagonian coastal area, between San Antonio Oeste
(Golfo San Matías, 40° 47′S-40° 49′S) and the southern Santa Cruz
province (49°20′S) (Figs. 1A, 2), to interpret eventual palaeoclimate
changes relative to the present based on various sources of evidence.
Based on shell δ18O and δ13C variations of Protothaca antiqua (King)
(Bivalvia), collected from Late to Middle Pleistocene, mid-Holocene and
modern Patagonian nearshore strata (Fig. 1B–F), and of the coeval
Pleistocene Tegula atra (Lesson) (Gastropoda) (Fig. 1G–I), in combina-
tion with palaeobiodiversity, palaeobiogeographical and bioerosion
trends (Aguirre et al., 2011, 2013, 2017; Richiano et al., 2013, 2015,
2017), we aim to investigate how SST and productivity levels in the
Pleistocene (especially MIS 5e) and mid-Holocene (MIS 1) compare to
today along the Patagonia coast and whether general patterns can be
linked to climate changes and coastal fronts. Particular questions to be
addressed are: 1) Were Late to Middle Pleistocene interglacial surface
oceanic waters in Patagonia colder or warmer than during the mid-
Holocene and today?; 2) Was Last Interglacial productivity higher or
lower relative to the mid-Holocene and present day?; 3) How do SST
and productivity compare in the Mid-Holocene relative to today along
the Patagonia coast?; 4) Could the overall molluscan patterns be linked
to biological responses to ocean fronts? Finally, we hypothesize that
overall trends, geographically and through time, could be responses to
different ocean-atmospheric conditions; alternatively, no objective
distinction is possible.
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Fig. 1. Study area, Patagonia, Argentina, on the southwestern Atlantic margin (Mar Argentino, South America, Southern Hemisphere). This climatically important
region is located near the Southern Ocean (SO), Polar Front (PF), Drake Passage, and western Antarctica under the influence of ice-rafted debris (IRD; sensu Maslin
and Swann, 2006). (A): Location of areas containing well preserved Late Quaternary shell-rich coastal deposits in Argentina. Main sites sampled in northern, central
and southern Patagonian coastal sectors (e.g., red=Northern Patagonia; blue=Central Patagonia; green=Southern Patagonia). *= samples analysed at Uni-
versity of Mainz; the rest at University of Arizona. Molluscs analysed: Protothaca antiqua (Bivalvia, Venerida; Patagonian localities) and Tegula atra (Gastropoda,
Trochoidea; Patagonian Late Pleistocene localities between Puerto Lobos and Golfo San Jorge, and modern sites along the Southeastern Pacific coast of Chile; note
that this species became extinct from the southwestern Atlantic in the Holocene). (B–I): field observations. Preservation examples of Protothaca antiqua, in some cases
with jointed valves and in life position (C, D, E) and Tegula atra (F, G, H, I) (often mistaken by by gravels/pebbles, e.g., H, I) within Late Quaternary marine terraces
along Patagonia. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
M.L. Aguirre, et al. Global and Planetary Change 181 (2019) 102990
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2. Background: deposits and target species, modern Patagonian
littoral setting, a southern SWA key area
2.1. Coastal deposits and target species
In Patagonia, mollusc-rich deposits occur almost continuously
along> 1200 km (Río Negro, Chubut and Santa Cruz provinces)
(Fig. 1A). These outcrops comprise beach ridges, marine terraces and
estuarine deposits, Mid-Pleistocene (MIS 11) to Holocene (MIS 1, “mid-
Holocene” in a broad sense) in age, locally known as “Marine Terraces”
(MT), so-called MT IV, V and VI sensu Feruglio (1950) (Figs. 1B–I,
2A–L). They extend from the modern supratidal zone to a few (5 to 10)
kilometers inland. General geomorphological-geochronological and
palaeoinvertebrate descriptions are available elsewhere (Aguirre et al.,
2008; Ribolini et al., 2011; Pappalardo et al., 2015) (Appendix A.1, A.2)
as well as evolutionary models (Ponce et al., 2011; Medina et al., 2014;
Mouzo, 2014) which altogether provide the basic framework for in-
terdisciplinary approaches in the area and the time slices considered.
We want to point out, however, that although dating uncertainties
exist, especially regarding to the oldest marine deposits (Appendix A.2,
Table A.2a, b and references therein), they have no effect on our in-
terpretations of the Late to Middle Pleistocene interglacial terraces (MIS
9–1). In these deposits two ubiquitous, emblematic molluscan species,
with different life modes but similar feeding strategies, are relevant for
palaeoclimate/palaeoceanographical interpretations: P. antiqua (King,
1832) and T. atra (Lesson, 1830).
P. antiqua (assigned by other authors either to Venus, Ameghinomya,
Chione, Leukoma) (Worms) is the most common and widely distributed
mollusc of the marine Quaternary of Patagonia, where it occurs at least
since ca. MIS 11 (ca. 400 ky). It is infaunal, commonly inhabiting soft
substrates (sandy to silty bottoms) of the lower intertidal and shallow
infralittoral zones (preferentially down to ca. 30m water depth), and a
suspension-feeder (consumer of all plankton available). It is highly
adapted to cold temperate waters (6 to 14 °C) and the cold waters of
subantarctic origin (2–10 °C). It lives in the Magellanean malacological
province along the SWA and Southeastern Pacific (SEP), a geographical
range controlled by the cold Humboldt Current System and the Cabo de
Hornos cold current in the SEP, and, in the SWA, by the cold Malvinas/
Falkland current (MC), a branch of the Antarctic Circumpolar Current
(ACC) or West Wind Drift, and the coastal Patagonian current (PC),
which transports subantarctic waters from the SEP via the Magellan
Strait and Le Maire Strait into the SWA (Franco et al., 2018) (Figs. 1A,
3C). P. antiqua feeds on algae-phytoplankton and zooplankton (Escati-
Peñaloza, 2005). The shell is aragonitic and consists of an outer pris-
matic shell layer, a crossed-lamellar middle shell layer, and an inner
homogeneous layer, with locally developed organic-rich components
(Lazareth et al., 2006) (A.3). Since it grows during the whole year,
δ18Oshell records nearly the full seasonal temperature amplitude,
whereby growth rate is fastest in October–November linked to the
availability of fresh phytoplankton on which it feeds (Rubo et al., 2018)
(maximum phytoplankton blooms in austral Spring; Bianchi et al.,
2005; Romero et al., 2006; Franco et al., 2008; Carreto et al., 2016).
T. atra is the dominant gastropod during the Late to Middle
Pleistocene in Patagonia, between Golfo San Matías (south of San
Antonio Oeste) and the southern Santa Cruz province, and occurs
within deposits assigned to MIS 9e (ca. 325 ky), MIS 7c (ca. 225 ky) and
particularly MIS 5e (ca. 125 ky). It is absent in MIS 11 (400 ky), the
warmest and longest late Quaternary interglacial in South America
(Burckle, 1993; Ortlieb et al., 1996), and in the Holocene (MIS1) in-
cluding the present. It does not live today in the adjacent Patagonian
ocean (Mar Argentino) or anywhere else in the SWA. It is a common
SEP species living in cold waters (2–8 °C) along the Humboldt and Cabo
de Hornos currents (Fig. 3C), between southern Perú and southern Chile
and - unconfirmed- in western Antarctica. It is a mobile epifaunal,
herbivorous species feeding on algae and phytoplankton in highly
productive waters, is very common mostly in the intertidal zone on
hard and rocky bottoms, and is typically dispersed by passive rafting on
brown macroalgae (kelps) (i.e., Durvillaea antarctica) (Aguirre et al.,
2013; López et al., 2017), which share its same modern range. Apart
from light, winds, and nutrient concentration/productivity, tempera-
ture is a most critical controlling factor for growth, flotation and sur-
vival of D. antarctica and of T. atra in the SEP (Tala et al., 2016); a ca.
1 °C rise of temperature has lethal physiological consequences for Te-
gula (Stenseng, 2005 in Aguirre et al., 2013). No studies of its shell
microstructure or sclerochronology exist so far. In other, similar Veti-
gastropoda, the aragonitic shell is made of an outer, crossed or crossed-
lamellar and an inner nacreous shell layer (A.3).
2.2. Modern Patagonian littoral setting
Belonging to the Mar Argentino, Patagonia has been described in
terms of physical conditions (e.g., SST, salinity, winds, currents, ocean
fronts, substrate nature) and biological features (e.g., chlorophyll-a,
nutrient availability) (Combes and Matano, 2018; Franco et al. García
et al., 2018; Piola et al., 2018, and references therein) (Figs. 3, 4). The
Patagonian continental shelf (ca. 41–55°S) extends as part of the
southwestern Atlantic shelf (23° to 55°S; largest in the southern hemi-
sphere) along>1500 km from the Golfo San Matías to the Drake Pas-
sage (Fig. 1A) and exhibits the widest and most gentle relief worldwide
(Palma et al., 2004a,b, 2008; Piola and Falabella, 2009). The circula-
tion pattern is characterized by two northwards flowing cold currents,
the coastal PC and the MC, together with the seasonal Brazil-Malvinas
Confluence (BMCZ) (Fig. 3C). South of 40°S the mean circulation is
dominated by a general northeastward flow controlled by the dis-
charges from the Magellan Straits, tidal mixing, wind forcing, and the
offshore influence of the MC (Palma et al., 2008).
According to salinity, four water masses have been identified:
coastal water (low salinity,< 33.4), shelf water or midshelf water (33.4
to 33.8), Malvinas water (> 33.8), and high salinity coastal waters
around the Golfo San Matías (Bianchi et al., 2005). SST ranges from 10
to 18 °C in summer and ca. 2 to 10 °C in winter (Baldoni et al., 2015).
The Patagonian shelf is one of the highest productivity regions of the
world ocean; apart from the thermal subtropical and subantarctic fronts
(Figs. 1A, 3C), a number of local ocean fronts (salinity, thermal, tidal,
Fig. 2. Aspect of the coastal deposits sampled in Patagonia (position of areas and localities in Fig. 1A). Black arrows indicate Late Quaternary beach ridge systems.
The coast of Patagonia is a distinct, particular area, totally different to other coastal areas worldwide due to historical factors (geological, climatic, oceanographical,
biogeographical changes) since Gondwana breakup sequence to the last high sea-level episodes. It contains numerous and spectacular Late Quaternary molluscan-
rich coastal deposits formed during the Mid-Late Pleistocene and the mid-Holocene. These represent unique archives for palaeoclimate/palaeoceanographic re-
constructions and offer an unmatched opportunity to study potential linkages between littoral molluscan assemblages and physical/biotic features of the south-
western Atlantic, at a macrogeographical scale, during the most recent climatic cycles. The deposits are impressive for their large dimensions, abundance of well
preserved molluscan shells, in huge undisturbed (unpopulated) coastal sectors. Examples from different provinces. (A): Río Negro Province: San Antonio Oeste
(Holocene ridges). (B–F): Chubut Province; from top left to bottom right: B–C, Puerto Lobos (Late Pleistocene terraces and Holocene ridges, detail of shells and
gravels/pebbles locally known as “rodados patagónicos”); D, Cabo Raso (perpendicular to the coast road cutting Late Pleistocene terraces); E, south of Camarones
(quarry at Last Interglacial terrace, MIS5e); F, Zanjón El Pinter at Bahía Bustamante (Last Interglacial, MIS5e);. (G-L): Santa Cruz Province; from left to bottom right:
G-H, north of Caleta Olivia (quarry at Playa Alsina, section of Holocene ridges and detail of Protothaca antiqua with jointed valves in life position); I, San Julián
(Holocene ridges and modern beach, J; quarry at Cabo Curioso area, San Julián, section of Last Interglacial terrace; K-L, Bahía Laura (Holocene ridges and modern
beach). Dating and estimated elevation above present mean sea-level of the deposits available elsewhere (references in Appendixes A.1, A.2).
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middle shelf, shelf-break) exhibit high chlorophyll-a concentrations due
to phytoplankton photosynthetic activity, which affects all levels of the
trophic chain, including benthic molluscan communities (Romero et al.,
2006; Carreto et al., 2007; Franco et al., 2008; Rivas and Pisoni, 2010;
Paparazzo et al., 2010; Acha, 2015).
The main substrates (Parker et al., 1997) are composed of coarse to
medium sands and pebbles (“Rodados patagónicos”, by some inter-
preted as a product of transport from the Andean region during
Fig. 3. Physical features of the Patagonian
nearshore and Mar Argentino (sector shown
with an inserted rectangle in A) (modified
from Aguirre et al., 2013; Richiano et al.,
2017. (A): substrates (modified from Parker
et al., 1997). (B): Sea surface temperature
(SST, °C) (modified from, Piola and
Falabella, 2009; Piola et al., 2010; other
references therein). (C): Ocean circulation.
southwestern Atlantic (SWA): BC, Brazilian
warm current; MC, Malvinas/Falkland cold
current (branch of the ACC); PC, Patago-
nian coastal cold current (Subantarctic shelf
waters); ACC, Antarctic Circumpolar Cur-
rent; BMCZ, Brazil-Malvinas Confluence
Zone; SAF, Subantarctic Front; PF, Polar
Front; ACC, Antarctic Circumpolar Current;
SSW: southern westerly winds; PE: Polar
easterlies; arrows indicate direction of
winds (darker arrows correspond to max-
imum wind speeds). In the Southeastern
Pacific: CHC, Cabo de Hornos Current; HC,
Humboldt Current; WWW, West Wind
Drift=Antarctic Convergence Current
(ACC); information taken from Acha et al.,
2004; Bianchi et al., 2005; Palma et al.,
2008, Piola and Falabella, 2009; Glembocki
et al., 2015; Olguín-Salinas et al., 2015;
Ruiz-Etcheverry et al., 2016; Kahl et al.,
2017; Piola et al., 2018; Combes and
Matano, 2018; Franco et al., 2018; other
references therein and in A.6). Biogeo-
graphical regions: A, Argentinean malaco-
logical province; M, Magellanean malaco-
logical province. (D): salinity gradients
(‰), Magellan Plume (cold subantarctic
nutrient-rich waters from the SEP). Rec-
tangle corresponds to the area of Golfo San
Jorge shown in E. (E): 1, northern Golfo San
Jorge Frontal System (NGSJF), 2, southern
Golfo San Jorge Frontal System (SGSJF)
(modified from Glembocki et al., 2015).
Note that the Subtropical (BMCZ), Sub-
antarctic (SAF) and Polar Front (PF) are
among the largest thermal fronts in the
world ocean (Acha, 2015). In the Southern
Ocean, Deep water formation (down-
welling) takes place around Antarctica
(Weddell Sea, Ross Sea); upwelling occurs
around Antarctica in the Antarctic Diver-
gence Zone along the (ACC), and within the
SWA mainly along the Shelf-break front and
at the BMCZ (BCMC Intertropical Zone);
carbon storage occurs around the northern
flank of the ACC and in Patagonia mainly
along the shelf-break front (e.g., Gruber,
2015; Kahl et al., 2017).
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Pleistocene deglaciations; Martínez and Kutschker, 2011), although fine
silts and clays can locally occur.
2.3. Relevance of the southern SWA: key area for regional palaeoclimate
and palaeoceanographical interpretations
The southern SWA, as part of the Southern Ocean and near western
Antarctica (with its unique nature of a sea ice zone; Maksym et al.,
2012), is a complex oceanic and relevant geographical area to target,
due to its essential role in global ocean circulation and climate reg-
ulation through the thermohaline system, determined by upwelling and
downwelling forces (e.g., Toggweiler and Samuels, 1995; Buizert and
Schmittner, 2015), and late Quaternary palaeoceanographical inter-
pretations (e.g., Boyle, 2000; Sachs and Anderson, 2005; Kaiser et al.,
2005; Wolff et al., 2006; Graham et al., 2015; Turney et al., 2017). The
so-called Atlantic Meridional Overturning Circulation (AMOC) plays a
key role in climate variability through northward transport and storage
of heat, lower salinity water and carbon (Peterson and Stramma, 1991;
Garzoli and Matano, 2011; Marshall and Speer, 2012; Talley, 2013). In
western Antarctica, deep waters are formed in the Weddell Sea where
downwelling allows deep ocean ventilation. Strong upwelling of deep
nutrient-rich waters occurs in the Antarctic Divergence Zone along the
polar front. The Antarctic Convergence Zone in the northern flank of
the ACC near the subantarctic front, in particular, is one source of
Antarctic Intermediate Water (AAIW), a return branch of the AMOC,
and of Subantarctic Mode water (SAMW) (Pahnke and Zahn, 2005;
Hartin et al., 2011; Yao, 2017; Franco et al. García et al., 2018), and is
critical for productivity-related circulation (Jong et al., 2012; Death
Fig. 4. Other physical and biological features of the Patagonian nearshore and Mar Argentino. (A): coastal fronts (modified from Acha et al., 2004; Bogazzi et al.,
2005; Piola et al., 2010, and other references therein). (B): chlorophyll-a concentration (taken and modified from Romero et al., 2006; Romero, 2008; Carreto et al.,
2007; Piola and Falabella, 2009), highest along the permanent shelf-break front and in spring-summer along coastal fronts. (C): worldwide air–sea CO2 fluxes; blue
colours represent carbon sinks; strong colours correspond to average flux density of coastal ocean regions worldwide (fainter colours to open ocean) (taken and
modified from Gruber, 2015); in the Patagonian shelf, near-shore waters are a source of CO2 to the atmosphere while the midshelf is a region of CO2 sink (Bianchi
et al., 2005, 2009; Kahl et al., 2017; Piola et al., 2018; other references therein and in A.6). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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et al., 2014; Paparazzo and Esteves, 2018).
The southern SWA also holds the maximum speed of the southern
westerlies wind belt (SWW, ca. 49–53°S; Fig. 3), with highest surface
ocean current speeds at the subantarctic and polar fronts and at the
boundary of the ACC-Weddell Gyre (just south of the mid-ocean ridge
near 55°S) (Toggweiler et al., 2006; Kilian and Lamy, 2012; Fletcher
and Moreno, 2012) (Figs. 1A, 3, 4). The wind-driven ACC has been of
global importance since its formation, but especially during the last
climatic cycles when modulation of its intensity and by extension of the
MC transport along the Argentinean Shelf-Break Front (Toggweiler
et al., 2006; Combes and Matano, 2018) also impacted marine food
webs and ecosystems (Muller-Karger et al., 2017; Wiebe et al., 2017).
Most importantly, large atmospheric carbon storage (through phy-
toplankton photosynthetic activity) takes place in the outermost
boundary of the Southern Ocean, and along Patagonia, in the sub-
tropical-subantarctic interaction zone (Brazil-Malvinas confluence), the
thermohaline shelf-break front, and at local ocean fronts (Figs. 3C,
4A–C). Patagonia has been recognized as an important area for atmo-
spheric CO2 capture (carbon sink): most CO2 storage occurs in the
midshelf region (highest surface chlorophyll-a values) whereas near-
shore waters are a CO2 source to the atmosphere (Bianchi et al., 2005,
2009; Kahl et al., 2017). Because this area of the thermohaline circu-
lation regulates ocean dynamics, carbon exchange and productivity, it
is commonly described as the worldwide climate pump (circulation,
physical or solubility, and biological) (e.g., Gottschalk et al., 2016; Kahl
et al., 2017).
3. Materials and methodological approach
Variations of δ18O and δ13C of “in situ” shells with unaltered mi-
crostructure are assumed to record general environmental conditions of
the oceanic waters where they lived (salinity, SST, productivity/ nu-
trients availability). Apart from being dominant in the area, by using
these single species for comparison, we attempted to preclude the
possibility that δ13C differences were related to different feeding stra-
tegies or to species-specific vital effects (Lartaud et al., 2010); such
aspects would hinder regional and across-time comparisons of pa-
laeoenvironmental interpretations.
Among the> 200 field samples (ca. 400 cm3, sediment and biogenic
content) recovered from Late Quaternary previously dated terraces,
between San Antonio Oeste and Punta Bustamante (north of Río
Gallegos), well preserved shells of P. antiqua and T. atra were selected
from three geographical sectors: (1) northern (Golfo San Matías area to
Cabo Raso area); (2) central (Golfo San Jorge: Bahía Camarones to Bahía
Lángara-P.Mazarredo); (3) southern (Bahía Laura-Puerto San Julián)
(Fig. 1A) (A.1, A.2). South of Puerto San Julián, only coastal deposits at
Río Coig and Rincón del Buque exhibit abundant molluscan shells, but
the assemblages are much less diverse, show greater taphonomic loss
(Cummins et al., 1986), with P. antiqua occurring only rarely and T. atra
not being present. In the area around the eastern Magellan Strait these
species were not found. The modern, dead collected shells came from
the intertidal and upper infralittoral adjacent to the fossiliferous sites at
the same coastal sectors (Fig. 2L), except for T. atra which does not live
in Patagonia nowadays.
For P. antiqua, 45 specimens of similar size were analysed, which
came from six Holocene fossiliferous localities (mostly mid-Holocene
sensu Walker et al., 2019), nine Late to Middle Pleistocene (mostly MIS
5e) according to previous dating (Appendix A1, A2) and six are from
modern sites (Table 1) (A.3.A, Table A.3). Shells of T. atra (33 speci-
mens of similar size) came from six coeval Late to Middle Pleistocene
sites (mostly MIS5e) and from the modern intertidal zone along
northern and central Chile (Antofagasta and Pucatrihue, respectively;
for comparison since they do not exist in Patagonia today) (A.3.A, Table
A.4). The selected shells did not show evidence of taphonomic loss due
to long-distance movement (i.e., breakage, physical abrasion, dissolu-
tion). Many P. antiqua specimens occurred with the hinge ligament still
intact and/or with jointed valves and/or in life position (Fig. 1C–E)
while most T. atra retain the original colour and luster of their fragile
shells (Fig. 1F, G, H) and maintain the inner nacreous layer intact; none
- or only minor within habitat - post-mortem transport can be assumed.
To evaluate extensive diagenetically altered shell material SEM pho-
tographs, X-Ray diffraction analyses, and Edax analyses were per-
formed in order to check the pristine (aragonitic) composition and
preservation of the shell layers (A.3.B). Moreover, if diagenetic altera-
tion had occurred, altered shell carbonate would shift isotope ratios to
more negative values, especially for δ18O and reduced or absent
Table 1
Localities sampled for isotope analyses ordered from north to south. Geographical position and age (modern, fossil Holocene, Late to Middle Pleistocene). P:
Protothaca antiqua; T: Tegula atra.
Age/Taxa Localities Geographical position
P: P.antiqua T: T.atra
PL HOL MOD S Latitude W Latitude
P 1 N of San Antonio Oeste 40° 49′ 11.94″ 64° 44′ 06.51″
P 2 San Antonio Oeste Bca Final 41° 01′ 20.48″ 64° 03′ 46.61″
P San Antonio Este (SAE) 40° 42′ 15″ 64° 55′ 43.5″
P 3 SE SAE, Bahía Creek 41° 09′ 03.25″ 63° 44′ 55.67″
P, T P P 4 Puerto Lobos 41° 59′ 9.6″ 65° 04′ 12.4″
P 5 Bahía Vera 43 16′ 43.2 65° 16′ 33.3″
P 6 Punta Pescadero 44° 16′ 41″ 65° 16′ 58″
P, T 7 La Lobería 44° 14′ 45.17″ 65° 18′ 06.19″
P, T 8 North of Camarones 44° 47′ 37.11″ 65° 42′ 11.96″
P 9 North of Camarones 44° 40′ 49.76″ 65° 39′ 33.08″
T P 10 Camarones 44° 16′ 41″ 65° 16′ 58″
P 11 South of Camarones 45° 03′ 49.8″ 66° 34′ 13.8″
P, T P 12 N Bustamante S CAM 44° 48′ 23.7″ 65° 43′ 59″
P, T P 13 Bustamante 45° 04′ 52″ 66° 30′ 44″
P, T P P 14 S Bustamante 45° 07′ 19.25″ 66° 32′ 57.10″
P, T 15 N Caleta Olivia 46° 02′ 53.79″ 67° 37′ 41.99″
P P 16 S Caleta Olivia 46° 29′ 30 67° 28′ 43.78″
P P 17 Balneario Las Golondrinas- S of C.Olivia 46° 40′ 51″ 67° 13′ 05″
P, T P 18 Puerto Mazarredo 47° 02′ 12″ 66° 42′ 15″
P 19 Bahía Laura 47° 02′ 12″ 66° 42′ 15″
P, T 20 Puerto San Julián marine terrace 49° 16′ 08.25″ 67° 42′ 31.20″
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ontogenetic cyclicity in both δ18O and δ13C in the fossil bivalve shells
would be expected (but see results in Fig. 5).
3.1. Isotope measurements
Firstly, a modern and a fossil Holocene P. antiqua shell were mea-
sured in more detail (University of Mainz): three cross sectional cuts
(umbo-ventral margin) were performed (Fig. 5A, B). One shell cut was
stained with Mutvei solution (Schöne et al., 2005) to better distinguish
annual growth increments (light blue) from annual growth lines (dark
blue). In the other shell cut, powder samples for δ18O and δ13C mea-
surements were drilled along the major growth axis (umbo-ventral
margin) from the inner outer shell layer (composed prismatic, CP;
A.3.B) of the younger stages (avoiding eventual ontogenetic effects on
the δ13C signal, as reported at mature stages for several bivalve species;
e.g., Lorrain et al., 2004; Gillikin et al., 2007) in order to assess if the
fossil shells record the same modern cyclycity (annual, subannual). A
detailed sclerochronological analysis (high resolution seasonal/sub-
seasonal variations) is beyond the scope of this study and was published
elsewhere (Rubo et al., 2018). Secondly, δ18O and δ13C were measured
from concentric growth lines of the first full years of growth in 45 single
shells; bulk values per specimen according to locality and age were
afterwards used to obtain latitudinal and across time trends (Fig. 6).
At the University of Arizona, whole specimens of T. atra were
measured and samples of P. antiqua were drilled across what appeared
to be the first full year of growth based on external growth lines.
Between 11 and 16 shallow samples were drilled with a 0.3mm dia-
meter drill bit. Sampling started before the first growth line in the target
year, crossed the full year of growth and ended after the second growth
line. In addition, powder was drilled in a continuous trench across the
exterior of the shell to represent an average sample for the full life of
both gastropods and bivalves yielding bulk samples which values were
considered. The δ18O and δ13C of carbonates were measured using an
automated carbonate preparation device (KIEL-III) coupled to a gas-
ratio mass spectrometer (Finnigan MAT 252). Powdered samples were
reacted with dehydrated phosphoric acid under vacuum at 70 °C. The
isotope ratio measurement is calibrated based on repeated
measurements of NBS-19 and NBS-18 and precision is± 0.10‰ for
δ18O and ± 0.08‰ for δ13C (1σ).
At the University of Mainz (Institute of Geosciences), carbonate
samples were processed in a Thermo Finnigan MAT 253 continuous-
flow isotope ratio mass spectrometer coupled to a GasBench II.
Carbonate powder samples were dissolved with concentrated phos-
phoric acid in helium-flushed borosilicate exetainers at 72 °C. Data
were calibrated against NBS-19. On average, internal precision (1σ) was
better than 0.03‰ in case of δ13C and better than 0.10‰ in case of
δ18O. Since both laboratories calibrate against NBS-19, a lab inter-
comparison was not needed. Also, different kind of measurement stra-
tegies (sampling at each lab had specific research targets) does not af-
fect any of our findings.
4. Results
Figs. 6–9 synthesize isotope results on P. antiqua and T. atra shells
(full data in A.3.A, Tables A.3 and A.4): Fig. 6 shows total δ18O and
δ13C measurements on P. antiqua between Golfo San Matías and Puerto
San Julián (86 modern, 73 fossil Holocene, and 129 Late to Middle
Pleistocene). For δ18O, a large dispersion is apparent for all ages. The
δ13C variations show similar modern and Holocene trends (decreasing
southwards) but a different Late to Middle Pleistocene pattern. Highest
δ18O and δ13C values for all ages were observed in the Golfo San Matías
(northern sector). Overall, modern values range from ¬0.17 to
+1.74‰ for δ18O and from ¬0.35 to +2.67‰ for δ13C; the Holocene,
from ¬0.28 to +1.79‰ for δ18O and from +0.15 to +2.71‰ for δ13C;
the Late Pleistocene, from ¬0.26 to +1.87‰ for δ18O and from ¬0.31
to +2.64‰ for δ13C. A classical ANOVA of δ18O and δ13C values of P.
antiqua for Late to Middle Pleistocene vs. mid-Holocene, Late to Middle
Pleistocene vs. Modern, and mid-Holocene vs. Modern sample sets
showed statistically significant differences.
Fig. 7 shows δ18O and δ13C measurements for individual shells of T.
atra from Late to Middle Pleistocene deposits between Puerto Lobos
(Golfo San Matías) and Puerto San Julián and for modern shells from
Chile (Antofagasta, Pucatrihue) (Table A.4, A.4). Overall, the Late to
Middle Pleistocene δ13C trend reveal highest values at Golfo San Jorge
Fig. 5. Shell cross sectional cuts of P. antiqua for ontogenetic isotope analyses. (A): modern specimen D11L (Height= 66.5mm), north of Caleta Olivia (sample
(MPA010–26). (B): mid-Holocene shell specimen D14R (Height= 82.5mm), Playa Alsina quarry, north of Caleta Olivia (sample PA010–40). Small arrows indicate
direction of shell growth. The number of growth lines in the umbonal area generally coincides with the number of growth lines from the umbo (U) towards the
ventral margin (VM) (shell growth direction) (in the modern specimen 11 L, approximately 7). Note that the growth lines (darker colour) are better stained with
Mutvei's solution in the modern specimen (D11L) but less well stained in the fossil specimen (D14R). More information about the technique in Schöne et al. (2005)
and Schöne and Surge (2012). Analysis carried out at University of Mainz (Germany).
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Fig. 6. Oxygen and carbon stable isotope (in ‰ VPDB) variation in P. antiqua (total values= 288). Localities arranged from north (N) to south (S) and according to
each age distribution (Modern: 86 samples; fossil Holocene: 73 samples; Late to Middle Pleistocene: 129 samples). X axis: number of samples analysed for each age
distribution. Y axis: isotope values (top: δ13C; bottom: δ18O). Analysis carried out at Environmental Isotope Laboratory, Department of Geoscience, University of
Arizona, USA. (Error bars± 1sigma are smaller than the size of the symbol and are not represented on the plot; but see A.3.C). (A) Carbon isotope values obtained for
P. antiqua (all values). (B) Oxygen isotope values obtained for P. antiqua (all values). A large dispersion is apparent for δ18O. For δ13C, the Pleistocene pattern is
different to the mid-Holocene and modern (increased northwards). The excellent preservation of the mineralogy and microstructure of the shells (SEM photographs,
XR analyses, Appendix A.3) together with low correlation between δ18Oshell and δ13Cshell (not shown) support a lack of diagenetic alteration and their reliability as
palaeoenvironmental tools. Note that the error bars for text Fig. 7 (bulk values for Tegula atra) and Fig. 9 (bulk values for Protothaca antiqua) could not be
represented. In all cases, the error bars are between 0.004 and 0.010 and within the illustrated symbols.
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(especially for deposits previously dated as MIS 5e).
Profiles of selected P. antiqua shells of each age distribution (Fig. 8)
exhibit a typical, cyclic pattern (ontogenetic, seasonal) as commonly
reported for bivalve shells (e. g., Jones, 1983; Krantz et al., 1987; Rubo
et al., 2018).
Geographical and temporal patterns emerge from a plot of bulk
isotope values of P. antiqua against latitude along Patagonia and
grouped by their modern age, Holocene (mostly mid-Holocene) and
Late to Middle Pleistocene interglacial shorelines (mostly MIS5e)
(Fig. 9) (A.5). The modern δ18O and δ13C values are maximum at Golfo
San Matías and decrease southwards. For δ18O, the general patterns are:
1) modern and Holocene trends, with maximum peaks at San Antonio
Oeste (NSAO, Golfo San Matías; Golfo San Matías Coastal Front, SMCF);
2) a Holocene trend increasing southwards, especially around south of
Caleta Olivia (S COL) at Golfo San Jorge; and 3) higher Late to Middle
Pleistocene values compared with the Holocene and modern south of
Golfo San Matías, especially between Bustamante and Mazarredo
(northern and southern Golfo San Jorge). For δ13C we observe 1) si-
milar modern and Holocene trends, with maximum peaks at Golfo San
Matías (SMCF); 2) higher Holocene than modern values, but lower than
for the Late to Middle Pleistocene interglacial shorelines; and 3) highest
Late to Middle Pleistocene levels in Camarones-Bustamante (Northern
Golfo San Jorge Frontal System, NGSJFS, or northern Patagonian
Frontal System) and, especially, around Puerto Mazarredo (near the
Southern Golfo San Jorge Frontal System, SGSJFS, or southern Pata-
gonian Frontal System, Figs. 3E, 4A). A multiple regression analyses of
δ18O and δ13C vs. latitude (and associated environmental physical/
biotic features of the Patagonian shelf, e.g., salinity, SST, winds-cur-
rents, chlorophyll-a concentrations/ocean fronts) showed no relation
with latitude for δ18O values for all ages. For δ13C, an inverse relation
for the modern and mid-Holocene sets are seen, but none for the Late to
Middle Pleistocene, when the highest δ13C peaks match with the pre-
sent position of coastal fronts (thermal and tidal) (Fig. 9).
5. Discussion
Overall, our δ18O and δ13C values for shells of both species (Figs. 6,
7; Tables A.3, A.4) fall within or very close to the common range
reported for carbonates in modern oceanic waters (δ13C values around
+1.0‰ and δ18O close to zero for open marine conditions) according
to the literature (e.g., Maslin and Swann, 2006; Rohling, 2013). The
modern values for P. antiqua match with the range obtained for live-
collected specimens at central Golfo San Jorge (Rubo et al., 2018). The
cyclic pattern in the δ18O profiles (Fig. 8) (within specimen variations)
is most likely due to seasonal temperature variations, while the δ13C
values result from the interaction of metabolic effects associated with
ontogeny and environmental features (Maslin and Swann, 2006; Schöne
and Surge, 2012; Rubo et al., 2018) like phytoplankton availability/
productivity in Patagonian shelf waters (Carreto et al., 2007, 2016). To
sum up, δ18O variations in the area of study are primarily a product of
salinity and secondarily of SST; δ13C values respond to nutrient con-
centration/chlorophyl-a/primary productivity.
Concerning the reliability of the fossil results as palaeoenviron-
mental tools, the excellent preservation and the pristine shell miner-
alogy and microstructure of P. antiqua and T. atra, together with the low
correlation between their δ18O and δ13C, and similar fossil and modern
cyclicity (P. antiqua) (Fig. 8A–C), support the lack of diagenetic al-
teration, a feature that would argue for their use as a record of en-
vironmental conditions of the waters where they lived (an exception is
one shell from San Julián, with low δ18O most likely due to ground-
water discharge in an area of restricted circulation, Carol and Alvarez,
2016; note a SEM photograph showing a small area of this shell which
seems to have suffered a minimum degree of dissolution, A.3.B).
Under this assumption, it is interesting to note that the trends in
shell geochemistry through time (each age distribution considered)
match well with the overall big picture of palaeobiodiversity, palaeo-
biogeographical and ichnological evidence provided by the whole
molluscan assemblages. Four independent sources of evidence show the
same general patterns, latitudinally and across time, which overall
could be gathered as “windows” for physical and biological controlling
factors: oxygen and carbon isotope variations, records and dis-
appearance of T. atra from the SWA after the Last Interglacial (Aguirre
et al., 2013), geographical shifts of areas of endemism (Aguirre et al.,
2011) (A.7, A.8; Figs. A.2, A.3), bioerosion intensity and ichnodiversity
(Richiano et al., 2015) (Fig. 10). They altogether point to differences in
palaeoclimate/palaeocirculation dynamics between the Last
Fig. 7. Left: Oxygen and carbon stable isotope ratios (‰ VPDB) of T. atra from the Late to Middle Pleistocene of Patagonia and the modern coast of Chile (Pucatrihue,
Antofagasta). Highest values fit with deposits previously dated as Last Interglacial (MIS 5e) in Golfo San Jorge, and are higher than those from the Chilean coast
(especially from the highly productive upwelling area of Antofagasta). Right: Variations between specimens. Total values (33) of δ18O ( ) plotted versus δ13C( ) in
samples from Late Pleistocene Patagonian sites between Golfo San Matías (GSM) and Golfo San Jorge (GSJ) and from modern localities along the Chilean coast
(Antofagasta, Pucatrihue (geographical position in Fig. 1). Analysis carried out at Environmental Isotope Laboratory, Department of Geoscience, University of
Arizona, USA. (Error bars in all cases are smaller than the datapoints and could not be represented). A low correlation (R2= 0.25416) is observed between δ18Oshell
and δ13Cshell. Differences of δ18O and δ13C for the three age sets (Late to Middle Pleistocene vs. mid-Holocene, Late to Middle Pleistocene vs. Modern, mid-Holocene
vs. Modern) yielded statistically significant differences.
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Interglacial vs. the mid-Holocene and present.
Our results, however, are indicative of large-scale macro-
geographical palaeoclimate/palaeocirculation comparative trends and
long-term records of palaeoenvironmental conditions only - in contrast
to high resolution data from deep-sea sediments due to several facts,
mainly the nature of nearshore molluscan assemblages which can yield
unprecise age ranges due to time-averaging (ca. 100–1000 years; Flessa
and Kowalewski, 1994; Govin et al., 2015) (A.1); scarce dating and
methodological age limitations still exist for the Late to Middle Pleis-
tocene Patagonian terraces; lack of sclerochronological studies for
modern T. atra; insufficient palaeoceanographic/palaeoclimate models
are available for the southern SWA-Southern Ocean especially for the
Last Interglacial.
5.1. What can stable isotope records tell us about environmental conditions
in Patagonia?
Between Golfo San Matías and San Julián (Fig. 1), a number of
modern physical features (e.g., substrate nature, winds and currents,
salinity, SST) are quite similar at the sampled areas (Figs. 3, 4) (A.6).
The primary differences are in the local structure of the water masses-
circulation, nutrients/productivity-ocean fronts (Acha et al., 2004;
Bianchi et al., 2005), and these are preserved as slight differences in
shell stable isotope ratios observed between areas and also through
time (Fig. 9).
5.1.1. Oxygen-isotope variation
The southern SWA represents an “anomalous” zone for oxygen
isotopes interpretations (Rohling, 2013). This is due to the influence of
Fig. 8. Ontogenetic isotope variations of P. antiqua in modern and fossil shells. (A): modern (dead-collected) shell (D11L, MPA010–26, north of Caleta Olivia, Golfo
San Jorge); (B): fossil, mid-Holocene shell (D14R; PA010–40, Playa Alsina quarry, north of Caleta Olivia) (see Figs. 1, 5A, B). Small arrows indicate direction of
growth (umbo-ventral margin) for each shell. U=umbo. VM: ventral margin. Top: δ18O ( ) and δ13C ( ) (‰ VPDB) plotted versus drilled shell samples in the
direction of growth. Bottom: Sketches of shell cuts and carbonate samples drilled from the outer shell layer; the shell portion drilled is indicated by a rectangle;
numbers on top indicate approximate annual bands / growth lines (detailed sclerochronological analyses are still in progress); smaller numbers (1, 19; 1, 28) indicate
drilled samples as seen in the ontogentic curves above. (C): examples of δ18O ( ) and δ13C ( ) plotted versus drilled shell samples in the direction of growth for other
shells: Modern (MPA08–54, Bahía Bustamante), fossil Holocene (PA010–19, Baln. Las Golondrinas, south of Caleta Olivia; PA08–67, P. Mazarredo, southern Golfo
San Jorge) and Late Pleistocene (PA02Q15, N Camarones; PA02Q6, Ea. La Ibérica, Bahía Bustamante; PA010–31, TMc/Mulinia, north of C. Olivia; PA06–6, P.San
Julián, southern Patagonia). (A, B): analysis carried out at University of Mainz, Germany. (C): analysis carried out at Environmental Isotope Laboratory, Department
of Geoscience, University of Arizona, USA. The same cyclicity of δ18O and δ13C is observed in modern and fossil shells. Isotope reference scale is VPDB.
Fig. 9. Synthesis of the general trends of δ18O and δ13C (‰ VPDV) variations (bulk values) along Patagonia according to age and latitude. Bulk stable isotope values
of P. antiqua arranged from north (N) to south (S) for modern, fossil Holocene and Late to Middle Pleistocene shells. Localities: NSAO, north of San Antonio Oeste,
Golfo San Matías, Rio Negro province; P.LO, Puerto Lobos, Golfo San Matías, Chubut province; P. PESC, Puerto Pescadero, Chubut province (Cabo Raso area); N CAM,
north of Camarones, northern Golfo San Jorge, Chubut province; CAM, Camarones, Golfo San Jorge, Chubut province; N BUST, north of Bustamante, Golfo San Jorge,
Chubut province; S COL, south of Caleta Olivia, Golfo San Jorge, Santa Cruz province; P. MAZ, Puerto Mazarredo, Santa Cruz province; S. JUL, San Julián, Santa Cruz
province (see Fig. 1A). Main peaks match with the modern position of coastal fronts (SMCF, San Matías Coastal Front; NGSJCF, northern Golfo San Jorge Coastal
Front; SGSJCF, southern Golfo San Jorge Coastal Front; see Figs. 3B–E, 4A, B). (In all cases the error bars correspond to 2sigma and are included within the symbols).
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the Patagonian current (subantarctic Shelf Waters; Franco et al., 2018)
and the “Magellan Plume” (nutrient-rich low salinity subantarctic wa-
ters from the SEP), and to the northernmost intrusion of the SAF (cold
ACC waters, less rich in nutrients, flowing via the MC along the shelf
edge) (Combes and Matano, 2018; Piola and Matano, 2017; Franco
et al., 2018). Unusually, lower δ18O values in southern Patagonian
shells are thus not expected to be necessarily linked to higher SST but to
lower salinity. Although this region is cool, the impact of salinity is
greater than that of SST, which accounts for our lowest modern δ18O
values in the southern sector (Fig. 9). The subantarctic influence is
much lower in the northern Golfo San Jorge and in Golfo San Matías
regions (Fernández et al., 2007; Piola et al., 2010; Glembocki et al.,
2015).
Apart from that, higher δ18O values can be linked to higher salinity
and/or to enhanced upwelling of cold nutrient-rich waters at coastal
fronts (Bianchi et al., 2005). For instance, the modern δ18O - and δ13C
-maxima occur in the northern Golfo San Matías (NSAO), where the
influence of warm waters together with a reverse circulation and a
longer residence time for shallow waters, are responsible for enhanced
evaporation and higher salinity (Piola and Rivas, 1997; Guerrero and
Piola, 1997; Rivas and Pisoni, 2010; Ruiz-Etcheverry et al., 2016),
leading to higher δ18O values (Figs. 3, 4, 9).
No freshwater currents influence the modern Patagonian littoral; in
the coastal sector analysed, only a few rivers (Chubut, Deseado, San
Julián) end at the Patagonian coast, and none near our sampling lo-
calities, except for the San Julián River. In the southernmost SWA re-
gion, there exists, however, an additional source of continental fresh-
water from icebergs calving from western Antarctic ice sheets (Wolff
et al., 2006; Shepherd et al., 2018; Paparazzo and Esteves, 2018) which,
when melting, can influence the waters – and isotopic signatures.
5.1.2. Carbon-isotope variation
The δ13C variations in shells can be biased by metabolic effects (e.g.
Gillikin et al., 2007; McConnaughey and Gillikin, 2008; Lartaud et al.,
2010; Schöne and Surge, 2012) but, if interpreted as reflecting δ13C-DIC
(dissolved inorganic carbon) of the seawater, higher δ13C values would
indicate higher productivity (e.g. Dutton and Lohmann, 2002; Maslin
and Swann, 2006).
The δ13C values of shells from surface Patagonian shelf waters are
linked to processes of air-sea CO2 fluxes and sinks (Bauer et al., 2013)
and to ocean fronts, where the main mechanisms for primary pro-
ductivity occur. Nearshore waters represent a source of CO2 (carbon
flux to the atmosphere) and the mid-shelf of carbon sink (intense
phytoplankton photosynthetic activity leading to strong capture of at-
mospheric CO2 by the ocean) (O'Malley et al., 2009; Bianchi et al.,
2009; Kahl et al., 2017); the transition between both corresponds to the
location of tidal fronts - near their stratified side (Acha, 2015). Higher
primary productivity depends on nutrients availability, through sea-
sonal changes and high upwelling levels, which increase nitrogen and
other macro-and micronutrients, enhancing phytoplankton activity.
Productivity is directly affected by temperature and salinity, vertical
density stratification of the water column, depth of mixing of the upper
layer, light, winds and currents (Drinkwater et al., 2010), overall con-
trolled by both climatic and oceanographic drivers which modify eco-
systems in structure and function through phytoplankton (Acha, 2015;
Kämpf and Chapman, 2017).
On the other hand, through geological time, oceanic δ13C changes
have shown trends of enriched values during colder episodes, and also,
increases in wind strength at the sea surface can result in increased δ13C
(Makou et al., 2010; Friedrich et al., 2012). Our δ13C shell variations
can thus be regarded as palaeoproductivity proxies connected to
changes in coastal fronts/upwelling in Patagonia (Carreto et al., 2007;
Romero et al., 2006; Olguín-Salinas et al., 2015; Paparazzo et al., 2010,
2017) and as a response to climate change in the Drake Passage area
(Paparazzo et al., 2016; Paparazzo and Esteves, 2018).
5.1.3. Linkage with carbon isotopes-productivity-upwelling-coastal fronts-
SST
In Patagonia, with a macrotidal regime, tidal mixing leads to the
formation of several local coastal tidal fronts, a few tens of km from the
shore in austral early spring to late fall. They depend on turbulence
(through winds and tidal energy) and separate well-mixed coastal wa-
ters from stratified waters offshore. In addition, the Patagonian mid-
shelf front follows the coastal PC (subantarctic shelf water) (Bianchi
et al., 2005; Romero et al., 2006; Paparazzo et al., 2010, 2017; Acha,
2015; Kahl et al., 2017; Franco et al., 2018) (Figs. 3, 4). On the other
Fig. 10. Additional evidence for general broad scale trends of palaeoclimate and palaeoceanographical changes. Bioerosion patterns of molluscan shells in the
southwestern Atlantic since the Late to Middle Pleistocene from our sample localities (see Fig. 1A). (A): intensity of bioerosion traces and ichnodiversity, geo-
graphically and across time (modified from Richiano et al., 2013, 2015). (B): chlorophyll-a concentrations in the Mar Argentino (modified from CONAE). Note that
maximum bioerosion intensity (proxy for productivity) matches with areas of maximum chlorophyll-a concentrations (highest nutrients, primary productivity,
coastal fronts) in the less saline waters of southern Patagonia (Magellan Plume) (see also Figs. 3, 4).
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hand, the permanent thermal front at the shelf-break is far from the
coast but may have a minor influence towards the inner shelf through
seasonal east-west oscillations of the MC (Franco et al., 2009), shifting
towards the coast during austral autumn-winter, and affecting shallow
convergence of water masses towards the coast (cold Malvinas and
subantarctic shelf waters).
In relation to this point, our modern isotope trend matches with the
influence of the Magellanean Plume (MP) (Fig. 3D) and with ocean
fronts. The most positive δ13C values in the modern P. antiqua data set
(NSAO in northern Golfo San Matías) match spatially with the San
Matías Frontal System (SMFS), followed by the northern Golfo San
Jorge Front (NGSJF=NGSJFS), and reflect the high productivity as-
sociated with these fronts, whereby the southward decreasing trend
manifests higher influence of the MP (south of Golfo San Jorge-
southern Patagonia) (Fig. 9). Minimum δ13C for south of Caleta Olivia
(Fig. 9) is most likely associated with a different circulation regime in
central Golfo San Jorge, which does not match modern coastal fronts
but is characterized by lower nutrient availability (Carreto et al., 2007).
In the southern Golfo San Jorge, a permanent thermohaline front oc-
curs, which together with tidal mixing enhance productivity, while
lower nutrients concentrations distinguish the central part of the gulf
(Romero et al., 2006; Glembocki et al., 2015).
Regarding the mid-Holocene (in a broad sense) trend, highest δ13C
values were recorded in NSAO (northern Golfo San Matías) like the
modern trend, suggesting that the GSMFS was already active. However,
higher isotope values compared to the modern imply a more intensified
GSMFS during the Hypsithermal influence (ca. 7.5–4.5 ka B.P.). A
plausible explanation for the frontal intensification and thus increased
productivity could be the presence of warmer and more saline waters
(even higher evaporation levels than today), potentially caused by a
southward shift of warmer water masses, and/or an enhanced, south-
ward displaced South Atlantic Anticyclonic center (responsible for
winds from the north). A SST rise of ca. 1–2 °C during the Hypsithermal
in comparison with the modern average oceanic temperatures is in-
dependently supported by the palaeobiogeographical pattern of ste-
nothermal gastropods and bivalves northwards displaced at present
(“anomalous taxa”; Aguirre, 1993, Aguirre et al., 2011, 2017) together
with the absence of the cold gastropod T. atra (Aguirre et al., 2013) and
is sufficient to have displaced winds, shallow water masses and the
Brazil Malvinas Confluence southwards along Patagonia. In addition,
the absence of T. atra (Fig. 10) and different mid-Holocene bioerosion
patterns corroborate warmer SST in comparison with both the present
and the Late to Middle Pleistocene (Aguirre et al., 2013; Richiano et al.,
2015, 2017) (Fig. 11). In the southern Golfo San Jorge area (e.g., Puerto
Mazarredo), more enriched δ18O and δ13C values can be interpreted as
a result from enhanced upwelling of nutrient-rich, cool, subsurface
waters at the SGSJFS front (Fig. 9). Likewise, the southwards-increasing
mid-Holocene δ18O values are another response to upwelling, with the
mid-Holocene shells of P. antiqua, which feeds on phytoplankton,
reaching greater sizes than the modern specimens along Patagonia due
to the higher food supply (A.3.D).
It is interesting to note that enhanced river drainage due to melting
of the Andean glaciers could have led to higher supply of fertilizing
nutrients (e.g. phosphorous, nitrogen, iron) and thus increased near-
shore primary productivity. On the other hand, higher river runoff
could lower salinity near the coast, which would result in more negative
δ18O values in conjunction with high δ13C values in the shells. Since
such a signal is not seen in our Holocene oxygen isotope values (Fig. 9),
the strong upwelling (higher than at present, but lower than during the
Late Pleistocene) must have quickly mixed the riverine with the marine
waters.
The suggested mid-Holocene setting agrees well with climate
models pointing to stronger and southward shifted wind belts during
warmings in the southern hemisphere (Toggweiler et al., 2006;
Toggweiler and Russell, 2008; Toggweiler, 2009; Wingenter et al.,
2010), particularly during the Holocene in southernmost Patagonia
(Kilian and Lamy, 2012; Fletcher and Moreno, 2012; Quade and
Kaplan, 2017), associated with records of increased upwelling
(Anderson et al., 2009; Anderson et al., 2018). Apart from that, a tight
coupling of the Brazil Malvinas Confluence latitudinal location to the
position of SSW was reported for the SWA and a more southerly posi-
tion of the Brazil Malvinas Confluence after 10 ka was documented in
the Argentine margin of the SWA (Voigt et al., 2015; Howe et al., 2016).
However, much work is still needed regarding a precise chronology for
the Atlantic Patagonian sector. Although marine vs. continental evi-
dence can reflect different temporal and spatial responses to climatic
events, the early Holocene was warmer and a series of glacier read-
vances occurred during the mid-Holocene (south Patagonian icefield)
between 6.1 and 4.5 ka B.P. (colder setting) according to high resolu-
tion glacial evidence from the Lago Argentino Basin (Kaplan et al.,
2016) and lake sediment records from Chile (51°S, Moreno et al., 2018).
Concerning the Late to Middle Pleistocene, most outstanding are the
δ13C maxima for both P. antiqua (infaunal) and T. atra (epifaunal), i.e.
higher values than the modern and mid-Holocene patterns in Patagonia
and modern Chile, respectively. For P. antiqua, comparatively low δ13C
values in the Golfo San Matías indicate that the GSMCF salinity/thermal
front was probably not yet active (less influence of warm water masses,
lower SST). Along the Golfo San Jorge, highest δ13C values coincide
with the modern position of the NGSJCF and SGSJCF tidal fronts
(Fig. 9), suggesting that these fronts were already active, but more in-
tensified (enhanced upwelling) relative to the present and to the mid-
Holocene. Puerto Mazarredo could have been the location of the Late to
Middle Pleistocene SGSJCF, with stronger upwelling than today. For
the coeval Late to Middle Pleistocene T. atra, the higher δ13C trend in
the Golfo San Jorge area (landforms mostly dated as MIS5e) compared
to the modern shells from Antofagasta (highest upwelling area in the
SEP today) and Pucatrihue (central Chile), reinforces the view that
higher productivity levels characterized Patagonia especially during
MIS5e. Overall, our patterns suggest a colder Late Pleistocene setting of
enhanced productivity / upwelling, and a different circulation dy-
namics compared to the mid-Holocene and present (Figs. 6, 9), a
southward shift of the Brazil Malvinas Confluence and a strong influ-
ence of subantarctic waters.
Furthermore, the overall Late Pleistocene differences agree well
Fig. 11. Physical features proposed to explain the observed isotope, palaeobiogeographical and bioerosion variations in Patagonia comparing the Late to Middle
Pleistocene and Holocene. Modern circulation and Southern Ocean palaeoclimate changes. (A): current oceanographical framework and thermohaline/oceanic
conveyor belt (taken and modified from Toggweiler et al., 2006; Garzoli and Matano, 2011; Chiessi et al., 2014, 2015; Morrison et al., 2015; Carvahlo-Campos et al.,
2016; Anderson et al., 2018). The southern westerlies (SWW, bottom) are shifted poleward during warmings and are aligned with the ACC (in contrast to the glacial
equatorward position). (B): Last Interglacial (MIS5e) western Antarctic ice collapse/breakup vs. Last Glacial Maximum ice extension in western Antarctica (modified
from O'Leary et al., 2013; Ó Cofaigh et al., 2014). (C): last episodes of the Pleistocene postulated for the last glacial cycle (ca. 115–11.6 ka; Bauch, 2013, Weber et al.,
2014; Turney et al., 2017; Anderson et al., 2014, 2018). T: Terminations. The rectangle on the right bottom high frequency millennial-scale (sub-Milankovitch)
climate changes in the Late Glacial (Heinrich-like cold episodes, with release of icebergs and meltwater to the ocean; warm, very drastic, abrupt, episodes). These
show a southern hemisphere signal (Antarctica, Southern Ocean, S Pacific, SWA) and are known to exhibit a bipolar seesaw pattern (interhemispheric asynchronous
climate events) compared to Heinrich and Dansgaard-Oeschger episodes described for the northern hemisphere (e.g., Greenland) (taken and modified from Kaiser
et al., 2005; EPICA Community Members, 2006; Brook and Buizert, 2018; other references therein). These abrupt changes offer a different climatic and circulation
pattern compared to previous terminations and are the only plausible explanation so far available for the regional disappearance of Tegula atra from the SWA (Mar
Argentino) and for the Holocene overall trends observed along Patagonia, which contrast with the Late to Middle Pleistocene.
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with independent molluscan evidence (A.7, A.8): T. atra records, mol-
luscan palaeobiogeographical shifts, and bioerosion patterns on shells
from the same assemblages. Firstly, the dominant records during MIS 5e
of T. atra, which depends on cold waters and abundant nutrients to
survive and on winds to be dispersed from the SEP into the SWA (cir-
culation in southern Patagonia is dominated by a general north-
eastward flow direction; Palma et al., 2008): even slight hydrographic
changes (e.g., induced by winds or nutrients cycles) would trigger
changes in the stratified, vertical water column that would subse-
quently lead to biogeographical changes, like its disappearance from
the SWA after the Last Interglacial (Aguirre et al., 2013). Secondly, the
southward shift of relationships of areas of endemism through time
(e.g., Late to Middle Pleistocene Parsimony Analysis of Endemicity,
A.7) support a colder Late to Middle Pleistocene setting, with San An-
tonio Oeste (SAO) being linked to the remaining Patagonian areas of
endemism during the Late to Middle Pleistocene vs. its isolation during
the mid-Holocene and today (when it is a transitional area between the
Bonaerensian sector and Patagonia). Thirdly, enhanced Late to Middle
Pleistocene bioerosion intensity and ichnodiversity, especially along
southern Patagonia, are other indicators for higher productivity levels
(Figs. 10, 11). Interestingly, a net increase of primary production was
documented during the Pleistocene along the SE Pacific (e.g., Filippelli
and Flores, 2009), the source region for Patagonian shelf waters, and
Pahnke and Zahn (2005) showed increased δ13C during southern
hemisphere warming (northern hemisphere cooling) periods.
By contrast, so far our overall interpretations are not thoroughly in
agreement with palaeoceanographic studies for the last ca. 130 ky from
northeastern and southeastern Brazil, an area of the SWA which is
characterized by tropical and subtropical water masses and experienced
different oceanographical dynamics, hardly influenced by the Magellan
Plume and the coastal fronts of the southern SWA. For instance, for-
aminifera-based data indicate lower salinity and productivity during
the Holocene than the Pleistocene (Nagai et al., 2010), whereas Nace
et al. (2014) interpreted the lower SST and productivity of the Last
Glacial Maximum as a consequence of the offshore displacement of the
Brazilian current (without inferences to changes in winds or coastal
fronts). On the other hand, Petró et al. (2016) found SST not sig-
nificantly different between the Last Interglacial (MIS5e) and the Ho-
locene (MIS 1) and Lessa et al. (2017) documented intense upwelling
events during MIS 5e in the SWA. Furthermore, Voigt et al. (2015)
inferred Holocene shifts of the southern westerlies and thus of the Brazil
Malvinas confluence zone.
5.2. Why were Patagonian waters colder and more productive during the
warmer Last Interglacial?
The question arises regarding the reason/s that could account for
differential Late Pleistocene vs. mid-Holocene and present Patagonian
geochemical, palaeobiological and palaeoceanographical trends.
Considering that a number of processes occur between 50 and 60°S in
the Southern Ocean (Fig. 11A) (e.g. upwelling in the Antarctic diver-
gence zone; SAMW and AAIW formation; Antarctic ice-sheet shifts
which modify salinity, SST and stratification of the water column) and
that the Drake Passage controls the thermohaline circulation driven by
the southern westerlies winds (SSW) (Toggweiler and Samuels, 1995),
it is expected that even a minor change in any of them could trigger
strong changes in circulation-upwelling-productivity in the studied re-
gion (Fig. 11A–C).
Most importantly, the poleward shift and/or strengthening of the
southern westerlies winds (SWW), with maximum wind speeds cur-
rently near 50°S (Kilian and Lamy, 2012; Fletcher and Moreno, 2012),
during warmer climate periods can lead to greater flow of cold sub-
antarctic waters from the SEP into the Patagonian shelf (via Cabo de
Hornos current, Magellan Strait and NE blowing winds along Pata-
gonia) and to enhanced SAMW and AAIW formation (increasing upper
ocean overturning); thus they are key to increase the amount of AMOC
(Wingenter et al., 2010; Flores et al., 2012; Panassa et al., 2018). Par-
ticularly, around western Antarctica, strengthened southern westerlies
winds enhance upwelling processes of divergence, and during warm-
ings ice-free areas can produce greater wind mixing and upwelling
(Maksym et al., 2012). In the Drake Passage seasonal variations of
nutrients are controlled by ice coverage (Paparazzo and Esteves, 2018).
In this respect, during MIS 5e - the only interglacial during the last
400 ka warmer than the mid-Holocene and current times (e.g., Dutton
et al., 2015; Williams et al., 2015; Past Interglacials Working Group of
PAGES, 2016), significant changes in palaeocirculation dynamics oc-
curred (Bakker et al., 2015). Geological evidence suggests that ocea-
nographic reorganizations, linked to the eccentricity maximum, led to a
catastrophic termination of MIS5e that included instability of grounded
and marine-based ice sheets and a West Antarctic ice sheet collapse
(e.g., Hearty et al., 2007; O'Leary et al., 2013; Hansen et al., 2016)
(Fig. 11B), resulting in more melting icebergs floating around the ACC
and subsequently in changes in water column stratification and pro-
ductivity.
Concordantly, we postulate that stronger, poleward shifted southern
westerlies winds, aligned with and enhancing the ACC, led through
intensified Ekman upwelling to increased formation of cold SAMW in
the SEP (north of the subantarctic front) and of AAIW (north of the
polar front, in the Drake Passage), overall enhancing productivity and
carbon storage (Hartin et al., 2011; Hartin, 2012; Ito et al., 2015; Yao,
2017; Panassa et al., 2018; Saunders et al., 2018; de Souza et al., 2018).
These are plausible mechanisms to explain colder waters and enhanced
productivity along the Patagonian shelf front and more persistent tidal
fronts during MIS 5e, considering that increased, colder, more pro-
ductive SAMW in the SEP would have an influence on the Drake Pas-
sage area and partially reach the Patagonian shelf waters. Wind driven
mixing and upwelling like in the Drake Passage control iron transpor-
tation - among other nutrients- from deep to surface waters and phy-
toplankton through changes in light intensity (Sachs and Anderson,
2005; Graham et al., 2015; Paparazzo et al., 2016; Paparazzo and
Esteves, 2018). Moreover, Combes and Matano (2018) suggested that
the seasonal variability of the Patagonian shelf circulation - south of
40°S- is driven by deep inflows originating in the Drake Passage.
Lastly, circulation changes in the Drake Passage, like a stronger
ACC, are key to intensify the MC flux. According to Franco et al. (2009),
the MC exhibits several subparallel jets with seasonal east-west dis-
placements (the innermost cold water mass called A in Fig. 5 of Franco
et al., 2009 is shifted towards the inner shelf in autumn-winter). If
enhanced it is expected to increase cooling, modifying stratification of
the water column, with some influence on the subantarctic shelf water
(Figs. 3, 11) and the Patagonian mid-shelf front, boosting productivity.
5.3. Which changes could explain the different Holocene pattern?
After the Last Interglacial highstand (MIS 5e) (Fig. 11C) a number of
environmental changes were reported to have occurred linked to Pa-
tagonia including the rising sea-level from the Last Glacial Maximum
(MIS 2; lowest sea-level globally at -120m ca. 22 ka or 48 ka in
southern Chile; García et al., 2018) across the glacial-interglacial
transition (−40m at ca. 11 ka) into the Holocene (Ponce et al., 2011;
Isla and Schnack, 2016). Changes include for instance a very rapid
warming in the Atlantic compared with the Pacific ocean; a decreasing
pH trend (leading to ocean acidification); nutrients and salinity levels (a
mosaic of changes within the Holocene); a decline in the intensification
and extension of the MC and PC; and a drastic increase in river drainage
(Otto-Bliesner et al., 2006; Compagnucci, 2011; Aguirre et al., 2013).
Also ice-sheet changes were reported around the Antarctic Peninsula
and palaeoceanographic changes in other areas of the SWA and the
Southern Ocean (e.g., Gersonde et al., 2005; Otto-Bliesner et al., 2006;
Ó Cofaigh et al., 2014; Carvahlo-Campos et al., 2016; Voigt et al., 2016;
Sikes et al., 2017). However, considering that oceanic-atmospheric
changes occurred during glacial-interglacial transitions throughout the
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whole Quaternary, as shown by ice-sheet cyclicity with astronomical
control (e.g., Zachos et al., 2001; Bauch, 2013), why then are the iso-
tope and palaeobiogeographical and ichnological patterns different and
why did T. atra disappear from the SWA only in the Holocene (but
succeeded to persist in MIS 9, 7 and 5).
One possible explanation, the only so far available, could be the
impact of the sub-Milankovitch, very short, drastic episodes during the
extremely unstable climate of the last glacial cycle (Fig. 11C): cold
episodes with increased iceberg/meltwater discharges, some of which
with extreme impact on the AMOC (i.e., the Heinrich events), in al-
ternation with short-term warming periods. Although they are not ex-
clusive for this period (they seem to have occurred since MIS 64; Hodell
and Channell, 2016), they were particularly frequent and intensified
between ca. 15 and 70 ka. These have also been recorded in and around
Antarctica (different sites of the South Atlantic, South Pacific and
Southern Ocean) and exhibit a southern hemisphere signal, although
with a bipolar seesaw chronology regarding to the northern hemisphere
(interhemispheric asynchronous climate events, like Antarctic warm
maxima during Greenland stadials and Heinrich events) (Kanfoush
et al., 2000; Pahnke and Zahn, 2005; EPICA Community Members,
2006; WAIS Divide Project Members, 2015; Anderson et al., 2014,
2018; Buizert and Schmittner, 2015; Brook and Buizert, 2018) (the
interpolar difference comparing the records between Greenland and
Antarctica is shown in Fig. 11C). Such events are known to have caused
abrupt reorganization in oceanic-atmospheric interactions and ice sheet
changes in the SE Pacific and off the Magellan Strait (Lamy et al., 2004;
Kaiser et al., 2005; Caniupán et al., 2011; Kilian and Lamy, 2012;
Gottschalk et al., 2016) and, as a result, seem to have resulted in a new
palaeoceanographic circulation system, clearly different from the
Pleistocene's astronomically (Milankovitch) controlled climate seesaw
(dominated by 100 ka cycles during the Pleistocene since MIS 22, ca.
800 kyr B.P.), leading to the Holocene and modern settings.
Even when the nature of these millennial-scale climate changes are
still a subject of debate and we cannot expect to find their record in our
coastal assemblages (sea level was lower than present during MIS 4–3),
they are documented for southern South America, both in surface wa-
ters off Chile (Lamy et al., 2004; Kaiser et al., 2005) and in the Andean
continental record (García et al., 2018), and northwards off Brazil
(Carvahlo-Campos et al., 2016). The less stable climate during MIS 3
and MIS 2 compared to MIS5 (Brook and Buizert, 2018) and the asso-
ciated oscillations in atmospheric CO2 concentrations -that remain so
far unexplained or at least poorly constrained-, in the southern wes-
terlies wind belt position, in release of icebergs, subglacial meltwater
and in iron inputs from icebergs/meltwater around western Antarctica-
Drake Passage must have had pronounced impacts on productivity (Ó
Cofaigh et al., 2014; Armour and Bitz, 2015; Gottschalk et al., 2016)
and are expected to have affected the geochemical properties of the
southern SWA in a measurable way. We still need palaeoceanographical
models for this key area to understand how these mechanisms operated
in the past in the southern SWA, possibly influencing the Patagonian
shelf waters and coastal fronts.
To sum up, all these changes are intertwined and linked to the
worldwide thermohaline circulation, with direct implications for pat-
terns in molluscan biogeography, bioerosion signals and stable carbon
and oxygen isotope variations of dominant taxa (P. antiqua, T. atra),
especially in a key climatic area of the southern SWA-Southern Ocean
which is expected to react differently to climate change relative to other
ocean basins (Graham et al., 2015). From this area, where there are still
insufficient high resolution palaeoclimate data, all our results suggest
that the reasons for a different Holocene pattern and for the local ex-
tinction of T. atra are linked to palaeoclimate and palaoceanographical
changes which had not occurred with such regularity and repeated
severity previously throughout the Pleistocene.
6. Conclusions
Highly dynamic coastal areas present interpretative difficulties for
isotope geochemistry in comparison to deep ocean records as they are
much more variable and can be exposed to multiple sources of fresh-
water among other factors. Despite these complications, our results for
Patagonia, where very few rivers influence the nearshore zone, are
useful for demonstrating general trends of palaeoproductivity-palaeo-
circulation at a macrogeographical scale and across time.
Concurrent with macroscale palaeobiogeographical and ichnolo-
gical trends, the parallel patterns observed for variations of δ18O and
δ13C in shells of P. antiqua and T. atra support large-scale pa-
laeoenvironmental changes as an explanation for the latitudinal and
chronological variation in geochemistry and fauna, and illustrate pos-
sible nearshore responses linked to salinity-SST, southern westerlies
winds, upwelling-productivity-coastal fronts, water masses of the
southern SWA-Southern Ocean, and changes in the extension of the
West Antarctic Ice Sheet during warmer climate periods.
The mid-Holocene and Last Interglacial were warmer than today
due to a southward shifted BMC, stronger and poleward shifted
southern westerlies winds, enhanced ACC and subantarctic shelf water,
and intensified ocean fronts/upwelling levels.
Oxygen isotope ratios cannot be strictly used as palaeotemperature
indicators because the southern SWA is influenced by the Magellanean
plume (low salinity subantarctic waters). Either differences due to
salinity (primarily) or colder waters linked to upwelling are possible,
depending on the geographical areas (latitude) involved.
Higher δ13C during the Holocene and Late to Middle Pleistocene
suggest that productivity was higher than at present. Particularly the
Late to Middle Pleistocene isotope trend points to colder, more pro-
ductive waters, and higher upwelling rates than in the mid-Holocene,
especially enhanced during the warmer MIS 5e.
The trends observed are in agreement with our previous inter-
pretations (e. g., Aguirre et al., 2011, 2013; Richiano et al., 2017). In
general terms, our results agree with climatic interpretations so far
proposed for the last two interglacials worldwide: MIS 5e warmer than
the MIS 1 Hypsithermal and today. However, local sea surface pa-
laeotemperature, palaeocirculation and palaeoproductivity features are
a product of a particular southern SWA circulation, where the dynamics
of the Magellanean plume together with the influence of intensified
southwards shifted southern westerlies winds on the ACC and in the
formation of SAMW are important control factors for geochemical
properties of the oceanic waters and shell carbonate.
Repeated, abrupt climate oscillations during the last glacial cycle
with significant impact on SST, ice melting and surface-ocean stratifi-
cation in the western Antarctica-Weddell Sea-ACC realm are so far the
only available plausible explanations to account for the different mid-
Holocene and modern patterns, and for the regional disappearance of T.
atra after MIS 5e.
Our interpretations would be enriched by additional high resolution
sclerochronological analyses on bivalves from the same coastal de-
posits, and of modern T. atra from Chile, a worthwhile target for future
studies of climate evolution/circulation in the SWA during the Late
Quaternary leading to modern scenarios which may produce com-
plementary useful results.
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